Abstract: 3D-printing is changing the way research is being conducted. By enabling the ready demonstration of prototype devices and instruments, 3D printing accelerates the adaptation of IoT technologies going beyond simple, latency-enhancing sensors. Prototyping and custom packaging is easier, rapid and increasingly low cost, circumventing traditional approaches, disrupting manufacture. Direct 3D printing of transmission and optical technologies such as optical fibres and waveguides is revolutionising research, enabling accessible and affordable capability to a much wider audience space.
Introduction
3D printing, or additive manufacturing, is now commonplace. High calibre printers are becoming indispensable tools in labs and workshops and devoted research centres making full use of their next generation technologies and applications are appearing [1] . The benefits span disciplines, whether in the medical space [2, 3] , technology or in the arts [4] . These are the hallmarks of a technology that is integral to realising the internet-of-things (IoT), beyond simple very low-cost sensor measurements currently extracting excitement from the investment community but limited with scaling because of the added computational load their identification brings compared to current transmission systems approaches [5] .
The most common printing technique is brutish fused deposition modelling (FDM) [6] , behind the majority of today's cheapest printers. A polymer filament, such as acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA), is continuously fed through a hot nozzle to create controlled ooze deposited on a heated platform, a fancy glue gun on an xyz stage. More recently, using very high temperature micro ovens glass has been printed albeit with poor resolution [7] . Control of this deposition is achieved by translating the nozzle in the xy horizontal plane (resolution ~ 200 -400 m) to outline a "slice" of an object to be printed. The bed is lowered, or the nozzle raised, incrementally in the z direction (resolution ~ 100 m) to build a 3D object. Competing with FDM is SLA 3D printing, essentially stereolithography using a UV or visible light source, often a lamp or LED where photopolymerisation of a monomer solution is employed. It has the advantage of using 2D projection to accelerate 3D printing whilst remaining relatively low cost. However, the range of suitable materials can be lower although significant material development continues. This approach is often used for dental and medical applications where high resolution, typically in the tens of microns domain but potentially much more determined by the optical wavelength and intensity used to cure the polymer. Higher resolution methods employ scanning lasers, but these lose the speed advantages of projection processing. Techniques such as selective laser sintering (SLS) extend the range of printable materials to glass, ceramics and even metal. Here, a (e.g. CO2) laser is scanned over a layer of powdered material to fuse together particles. After each scan the bed is lowered, and fresh material spread over the previous layer and then fused [8] .
Printing fibres and waveguides
Early work 3D printing of transparent optical components involved direct printing of short sections of polymer optical "fibre" [9] and "light pipes" [10] , in one case used as an effective channel to guide light in an optical fibre endoscope smartphone configuration (the package itself 3D printed) [11] . 3D printing of optical phantoms -objects used for the testing and evaluation of medical imaging devices -have been demonstrated using transparent plastic [12] . 3D printed plastic micro lenses and customized ophthalmic lenses are commercially available [13] . Polymer offers many advantages to optical sensing, especially combined with fibre Bragg gratings (FBGs) with remarkable wavelength tunability for increased sensing dynamic range [14] . However, proposed 3D printing of silica glass [5] is still the choice for sensing because of its chemical resistance and high temperature performance [15] . Early work adopted an FDM approach using soda lime glass [7] ; the printed structures were limited with a resolution of mm's. Other work used selective laser melting (SLM) with a CO2 laser to print structures with soda lime glass [16] -the resolution was coarse and surface roughness high. In 2017, printing highpurity, high resolution silica was demonstrated using SLA with a UV-curable monomer doped with silica nanoparticles. The printed part was initially opaque but after thermal debinding of the monomer and high-temperature sintering, a transparent silica object with spatial features of 10s of µm was reported [17] . Unfortunately, from an optical fibre perspective, this along with sol-gel approaches is not known to produce competitively low loss silica.
From an applications perspective we have demonstrated direct 3D printing of polymer optical preforms subsequently drawn into fibre [18, 19] , directly drawing fibres using the micro-furnace of a 3D printer [20] and planar rib structures [21] and 50:50 couplers [22] , all useful in their own right as well as being precursors to silica-based technology. They are the first step towards demonstrating low cost key IoT transmission systems components. Very low cost FDM and SLS printers have been used, illustrating the significant research disruption of 3D printing. Further, whilst FDM approaches tend to be resolution limited to 200 -400 m at best; by using a novel overlap principle during writing much narrower waveguides are possible [21] , potentially competing with SLS technology and expanding the accessible materials available for eventual single mode operation. Cut-back losses for structured polymer fibres were α ~ 1.5 dB/cm @ 632 nm, α ~ 0.75 dB/cm @ 1064 nm, and α ~ 1.51 dB/cm @ 1550 nm [18] , whereas for a step index inner core fibre α ~ 0.64 dB/cm @ 543 nm, α ~ 0.44 dB/cm @ 1047-1052 nm and α ~ 0.94 dB/cm @ 1550 nm [19] . These match intrinsic material losses demonstrating the quality of material that is possible. Losses for the rib waveguides are generally much higher since there is no true guidance in the absence of a lower index substrate and the modes being leaky modes.
Printing optics and packaging
Example prototypes for 3D-printed lenses and prisms are shown in Fig 2(a) & (b) . Cheap, disposable 3D printed prisms are ideal for field deployable surface plasmon resonance (SPR) work where the plane surface is coated with gold. In other work, we routinely print customised packages for photonic devices such as rail strain/temperature sensors (Fig.4(c) ) and handheld, smartphone-driven spectrometers with and without fibres or endoscopes (Fig.4(d) ) [11, 23, 24] . This packaging is a game changer for technology start-ups, particularly in the diagnostic industry space, greatly accelerating for example advanced, portable instrumentation directly compatible with the IoT.
Conclusions
All these technologies accelerate the development of portable IoT compatible instruments as well as new approaches to designing the IoT transmission infrastructure itself; 3D printed fibres and waveguides can be customised for sensing in ways never possible. By integrating novel materials and methods, 3D printing promises to enable what was not so long ago beyond reach of most, if not all, making what was once impossible possible. The incentive for developing more advanced IoT compatible sensors and instruments is enhanced tremendously. 
